During the International GPS Service for Geodynamics (IGS) Epoch'92 campaign a special sub-campaign was organized to occupy all WEGENER/MEDLAS SLR sites with Trimble SST GPS receivers. This campaign, WEGENER/GPS-92, was initiated by the Institute for Applied Geodesy in cooperation with Delft University of Technology. The purpose was to observe the whole SLR network, for the first time, with GPS to establish a connection between the SLR and GPS reference frames. The dataset was analyzed at the Section Space Research and Technology, using the GIPSY software developed at the Jet Propulsion Laboratory and the Bernese GPS software version 3.4. In the analysis a weighted combination of the orbits provided by the IGS was used to model the motion of the GPS satellites. The results show a baseline length repeatability, which is a measure for the precision, in the order of 5 mm. More importantly, the GPS coordinate solution compares very well with the most recent SLR coordinate solution computed at Delft University of Technology. The rms differences are 3.8, 5.2 and 12.5 mm in North, East and Up, respectively, using 14 sites. It is therefore obvious that GPS will play an increasingly important role in the monitoring of the deformation and a further densification of this network. Especially since starting January 1, 1994 the IGS has become operational and combined orbits are being produced and made available with only a few week delay.
Introduction
During the IGS Epoch'92 campaign, Mueller and Beutler [1992] , which took place during two weeks centered around August 1, 1992, a subcampaign was carried out from July, 29 until August 3, 1992 , under the leadership of the Institute for Applied Geodesy (IfAG) in cooperation with Delft University of Technology (DUT). All WE-GENER/MEDLAS sites and one additional site on Cyprus, Dhekelia, were occupied with Trimble SST GPS receivers. This data set is of special interest to the Section of Space Research and Technology (SSR&T) due to the long experience with processing SLR (Satellite Laser Ranging) data taken at the WEGENER/MEDLAS sites, Noomen et al. [1993] . It yields the unique opportunity to compare SLR derived coordinates with GPS derived coordinates since this is the first time that all sites of the WEGENER/MEDLAS network were measured simultaneously using GPS.
To model the motion of the GPS satellites the orbits of all IGS analysis centers were combined into a weighted mean orbit using the individual pole values of the analysis centers to align the combined orbit to the official IERS pole. This orbit combination is described in more detail by Beutler et al. [1993] and Springer and Beutler [1993] . The results will give an indication of the accuracy of the combined orbit which is estimated at 30-50 cm for this period. The main advantage of using the combined IGS orbit, or any of the individual IGS orbit solutions, is that all coordinates can be solved for without orbit adjustment. The combined orbit has the advantage over to the individual IGS orbit solutions of being aligned with the commonly accepted IERS pole and of having a better stability.
Data Acquisition
The sites listed in Table 1 were occupied by teams of IfAG (14 sites), DUT (2 sites) and the British Army (1 site). For the analysis, GPS observations taken at four other European sites, part of the IGS network, were also included. The campaign started on July 29 at 6:30 UTC and ended on August 3 at 12:00 UTC. At the sites Kattavia, Lampedusa, Melengiclik, Yozgat and Yigilca the daily observation timespan was 12 hours starting at 6:30 UTC; the other sites observed the full 24 hours.
To get a homogeneous data set the campaign was carried out using one single type of receiver, the Trimble SST. To avoid site tie confusion, the antenna was placed over the main marker (A) at the laser pad, but at some sites other markers had to be used, see Table 1 . In those cases a local site tie was used to link the observation site to the main marker. The GPS-data sampling was 15 seconds with an elevation mask of 10 degrees. The compressed RINEX data were sent via INTERNET from IfAG to DUT.
Data Analysis
The GIPSY software, which is extensively described in the literature, e.g. by Blewitt et al. [1988] , Lichten [1990] , was used to process the GPS observations. The first three days of the campaign were also processed with the Bernese GPS software version 3.4, from which a description can be found in Rothacher et al. [1993] .
It should be noted here that the Trimble SST is a Pcodeless receiver which does not track P-code on both frequencies. Since there is not very much experience in using GIPSY for such receivers it was decided to process the data also with the Bernese software which is known to yield excellent results for most types of receivers, Beutler et al. [1988] . This provides the possibility to compare the results of both programs giving a preliminary indication of the precision of the solutions.
The use of the combined orbit, which has an estimated accuracy of 30-50 cm, provides the possibility to estimate all coordinates (non fiducial solution) without having to bother with orbit adjustment. Estimation of all coordinates is important since it prevents distortion of the solutions due to errors in the coordinates of the fiducial sites. Unfortunately, exactly during the first three days of August 1992 anti-spoofing (AS) was turned on and the Rogue receivers did not handle the GPS signals properly under these conditions. The Trimble receivers were not affected by AS but with the Rogue being the main receiver of the IGS network, the IGS orbits are of very poor quality for these AS-days. For the three days affected by AS we therefore used the orbits provided by the Center for Orbit Determination Europe (CODE), one of the few centers providing orbits under AS-conditions at that time. It turned out that for August 1 the orbit was of sufficient accuracy. For the last two days the orbit quality was insufficient. For these two days the orbits were solved for using tight constraints of 10 m and 10 mm/s a priori sigmas for epoch position and velocity respectively. The station coordinates were constrained with 1 meter a priori sigmas on all days.
For the analysis with the GIPSY software it is mandatory to have at least one stable clock which serves as time reference. Since none of the Trimble receivers used an external clock it was necessary to use one of the sites from the IGS network with a stable external oscillator. It was decided to use the GPS station of Kootwijk as time reference. Since the four IGS sites are all using a Rogue receiver this means that we are now using different receivers and different antennas which was so carefully avoided in the design of the campaign. The difficulty of using different antennas lies in the fact that for different antennas the phase center variations, which are primarily elevation depended, are different. This effect, which is described in Rocken [1992] , can cause height differences of several centimeters, especially when use is being made of a Trimble antenna. In order to account for this effect two tables containing phase center variation values, as measured in anechoic chamber tests, Schupler et al. [1990] , were used.
The Bernese software does not need a stable clock since the clock behavior for all stations is corrected prior to forming the differences using either the CA-or P-code measurements. Therefore the Rogue sites were not included in the processing with the Bernese software. Nevertheless the effect of the Trimble antenna phase center variation was accounted for since it also has an effect on large baselines using the same antenna.
Results
The results discussed here are those stemming from the analysis with the GIPSY software. Comparing the coordinate results from Bernese with those from GIPSY shows an rms agreement of 6 mm for all three days processed with both programs, which is well below the level of the formal errors of both solutions.
Most commonly the baseline length repeatability is used to assess the internal consistency of GPS solutions. However using a non fiducial strategy makes the determination of the repeatability difficult since large variations in scale and orientation can occur from day to day. These variations depend on the size of the network and on the estimated parameters. With the orbit fixed, the daily variations should be small, but for the network presented here, with orbit adjustment for some of the days, significant daily variations can be expected. Therefore the repeatability was determined by first forming a fully weighted average coordinate solution using all 6 fully populated coordinate covariance matrices. In the next step the individual daily solutions were mapped into this combined solution using a 7 parameter Helmert transformation. In this way the repeatability of the baseline length solutions of the 6 individual days is found to be about 5 mm, see Figure 1 . The baseline height repeatability, the least accurate determined component using GPS, is in the order of 10 mm (8.9 mm + 1.1 ppb). The six Helmert transformations show a mean rms of 6 mm, see Table 2 , which indicates that the station coordinates are of the same precision as the baseline lengths. Table 2 further shows the estimated transformation parameters for the six daily solutions. On the first day the observations started between 6:30 and 12:00 UTC. The data loss on this day clearly has a negative effect on the results compared to the next two days which were observed the full 24 hours. Notice the similarity of the transformation parameters for July 30 and July 31 giving an indication of the stability of the non fiducial solution and the combined orbit. The maximum difference is about 12 mm. The results for August 1 show a significant systematic deviation when compared to the previous days, which is caused by the degraded orbit accuracy due to AS. Nevertheless the orbit was considered to be of sufficient accuracy. This is emphasized by the results of the last two days, which were analyzed with orbit adjustment, which are less accurate as is indicated by the slightly worse agreement between the individual solution and the combined solution after performing a Helmert transformation. On the last day August 3 this is aggravated because the campaign stopped at 12:00 UTC.
Of most interest is of course the comparison with SLR derived coordinates which will give a good idea of the accuracy of both the GPS and the SLR results. For this purpose the combined GPS coordinate solution was used as one of the input coordinate sets in the program 3D-Motion, a Delft program which computes individual station motions from individual network solutions, Noomen et al. [1993] . The current series of SLR coordinates solutions computed at SSR&T cover a period of almost 10 years; for the WEGENER/MEDLAS sites coordinate solutions for typically 3-4 occupations are available. In the combination of SLR coordinate solutions, systematic network differences are solved for using a 6 parameter Helmert transformation whereas the scale is not adjusted. For the GPS solution a full 7 parameter transformation was estimated. Some of the results of this comparison are given in Table 3 . Note that the GPS solution has contributed to ( Table 3 the estimation of the initial site coordinates and velocities. The comparison is therefore not independent, but rather gives an optimistic estimate of the agreement. The comparison shows an rms agreement of 3.8, 5.2 and 12.5 mm for North, East and Up, respectively. The horizontal components agree at the millimeter level which is even better than the formal errors of both the individual SLR and GPS solutions. The vertical agreement is a little worse, which can be expected by looking at the formal errors of the solutions. The height component of the GPS solution has a large formal error compared to the SLR solution, which is due to the estimation of a large number of clock, troposphere and bias parameters which all have a strong correlation with the vertical component. In the combined SLR/GPS estimation the GPS height contribution is effectively downweighted due to this large formal error. Other explanations are possible errors in the local site ties and in the antenna heights. This is one of the tedious problems when comparing two different techniques, where errors of several centimeter are unfortunately very common. Table 3 shows two good examples of this for the sites Grasse and the Trimble receiver in Wettzell, the position of the Rogue receiver was tied to the VLBI point at Wettzell and therefore does not show up in the SLR comparison. The large differences found for these sites are not likely to be caused by processing errors, certainly not taking into consideration the high accuracy of the comparison and the internal consistencies of the two techniques. As a consequence these two sites were strongly downweighted in the comparison, to eliminate their effect on the Helmert transformation, the estimated site velocities and the rms. The difference for Wettzell is most probably caused by a problem with the SLR solution which can also be seen in Boucher and Altamimi [1993] where the SSR&T SLR solution shows a height discrepancy of 51 mm. Comparing the GPS solution to ITRF'92 confirmed this. However none of the three solutions for Grasse (GPS, SLR and ITRF) agree very well, so most probably here exist some site tie problems.
The sites Medicina, Noto and Karitsa have had only one or two laser occupations, and as a consequence have a velocity vector which is not very reliable. As a precaution they were therefore also strongly downweighted. Nevertheless the SLR and GPS results for Noto show a reasonably good agreement.
The results for Graz, Kootwijk and Matera show that the phase center variations have been modeled with sufficient accuracy. Tests not accounting for this effect showed height residuals for the Rogue sites of 70 mm. It is therefore clear that the major part of the effect is accounted for by using the described tables to calibrate the phase center variations.
For completeness also a fully independent comparison of the SLR and GPS solution was performed. This showed an rms agreement of 12.1, 15.4 and 16.4 mm for the North, East and Up components, respectively.
Summary and Outlook
The effect of the elevation dependent part of the phase center variations was taken into account using values from anechoic chamber tests. The results show that these calibrations remove the major part of the effect but some residual effects remain. This phenomenon is currently under investigation at SSR&T. We hope to arrive at a better calibration by also including the azimuth dependent part of the variations.
The combined IGS orbit is capable of providing results with the highest possible accuracy. For the network presented here results from runs with orbit adjustment are clearly less accurate compared to runs not adjusting the IGS orbits. In addition the stability of the coordinate solution is much better when not adjusting the orbits. Therefore networks with baselines of at least up to 3000 km can now be processed using the combined IGS orbit with no orbit adjustment and without any loss of accuracy. Everyone who processed similar campaigns in the past will be amazed how simple the analysis may be performed today. The results presented here show a baseline length repeatability of 5 mm and a mean rms coordinate agreement of 6 mm between the 6 days. In the future we will expand the network implementing more IGS sites with known positions from SLR analysis. Since the campaign took place during the Epoch'92 campaign, there might be some more interesting sites in that database. Furthermore we will try to resolve the phase ambiguities which should give even better coordinate estimates.
The results prove the maturity of the GPS system, even though the system is not yet fully operational. Already GPS is achieving accuracies comparable with the best available other high precision space geodetic techniques like SLR and VLBI. With sub-centimeter horizontal agreement of the GPS and SLR coordinate solutions, as presented in this paper, it will be very rewarding to expand the existing SLR network using GPS. It will therefore be very rewarding, from a scientific point of view, to repeat this GPS campaign in the near future. The last five sites were not used for the computation of the Helmert transformation parameters, the rms and the initial site positions and velocities 
